Charge-driven fragmentation processes in diacyl glycerophosphatidic acids upon low-energy collisional activation. A mechanistic proposal  by Hsu, Fong-Fu & Turk, J
Charge-Driven Fragmentation Processes in
Diacyl Glycerophosphatidic Acids Upon Low-
Energy Collisional Activation. A Mechanistic
Proposal
Fong-Fu Hsu and J. Turk
Department of Medicine, Mass Spectrometry Resource, Washington University School of Medicine, St. Louis,
Missouri, USA
A mechanistic study of diacyl glycerophosphatidic acid (GPA) under low energy collisionally
activated decomposition (CAD) with electrospray ionization tandem mass spectrometry is
reported. The fragmentation pathways leading to the formation of carboxylate anions
[RxCO2
2], (x 5 1, 2) and the formation of the ions representing neutral loss of fatty acid
([M–H–RxCO2H]
2) and neutral loss of ketene ([M–H–R9xCH¢C¢O]
2) (Rx¢R9xCH2) are charge-
driven processes that are governed by the gas-phase basicity and the steric configuration of the
molecules. The preferential formation of the ions of [M–H–R2CO2H]
2 . [M–H–R1CO2H]
2 and
[M–H–R92CH¢C¢O]
2 . [M–H–R91CH¢C¢O]
2 are attributed to the fact that loss of fatty acid and
loss of ketene are sterically more favorable at sn-2. While the observation of the abundance of
[M–H–RxCO2H]
2 . [M–H–R9xCH¢C¢O]
2 is attributed to the acidity of the gas phase ion of
GPA, which undergoes a more facile neutral loss of acid than loss of ketene. The major
pathway leading to the formation of RxCO2
2 ion under low energy CAD arises from further
fragmentation of the [M–H–RxCO2H]
2 ions by neutral loss of 136, resulting in an abundance
of R1CO2
2 . R2CO2
2. The differential formation of the carboxylate anions permits accurate
assignment of the regiospecificity of the fatty acid substituents of GPA molecules by tandem
mass spectrometry. (J Am Soc Mass Spectrom 2000, 11, 797–803) © 2000 American Society
for Mass Spectrometry
Glycerophosphatidic acid (GPA), the simplestphospholipid, is one of the building units forphospholipid biosynthesis [1]. The common
GPA contains an ester group linked to the glycerol at
both the C-1 (sn-1), and the C-2 (sn-2), and a phosphate
at the C-3 (sn-3) position.
In negative ion mode, mass spectrometry of diacyl
glycerophosphatidic acid with a soft ionization method
such as fast-atom bombardment yields the deproto-
nated anion ([M–H]2) which, upon collisionally acti-
vated decomposition (CAD), yields abundant carboxy-
late anions, ions corresponding to neutral loss of fatty
acid as a ketene, and ions corresponding to neutral loss
of free fatty acid. The losses are most abundant for the
substituents positioned at sn-2. The fragmentation path-
way leading to the neutral loss of free fatty acid was
thought to be a charge-remote fragmentation process,
which involves the participation of the hydrogens in
glycerol backbone [2, 3]. The more favorable loss of
fatty acid at sn-2 position than sn-1 has been rational-
ized that the sn-2 carboxylic acid possesses four g
protons that would undergo a six-member cyclic rear-
rangement to permit a fatty acid loss (Scheme 1A).
While the loss of the sn-1 position as a carboxylic acid
by the same mechanism can involve only a single
proton, that is the methine proton at the sn-2 position
(Scheme 1B).
The proposed mechanism was adopted by Huang et
al. [4] in their study of the CAD tandem mass spectro-
metry of glycerophosphocholine (GPC) using the
[M–86]2 precursor ion, an ion equivalent to a phos-
phosphatidic anion by loss of a polar head group [5].
They reasoned that Scheme 1A is a more favorable
fragmentation pathway than Scheme 1B because the
product ion produced by the former process is more
stable [4].
The recent introduction of electrospray ionization
(ESI), mass spectrometric (MS) analyses of phospho-
lipid constituents obtained from synthetic or biological
sources, can be performed from subpicomole amounts
of molecule [6–10]. We recognize that the extraordinary
sensitivity of ESI in combination with CAD tandem
mass spectrometry can be exploited to achieve a better
understanding of the ion chemistry of phospholipid
underlying the fragmentation. Herein, we report the
first part of the investigations of the fragmentation
Address reprint requests to Fong-Fu Hsu, Department of Medicine, Box
8127, Washington University School of Medicine, St. Louis, MO 63110.
E-mail: fhsu@im.wustl.edu
© 2000 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received December 23, 1999
1044-0305/00/$20.00 Revised May 12, 2000
PII S1044-0305(00)00151-3 Accepted May 15, 2000
pathways of phospholipid under low energy CAD with
ESI tandem mass spectrometry. In this study, we inves-
tigate various GPAs including hydrogen–deuterium
exchanged analogs with CAD and the source CAD
tandem mass spectrometry to reveal the mechanisms
underlying the fragmentation. Our results indicate that
under low energy CAD, pathways leading to the neu-
tral loss of fatty acid for GPA in negative ion mode do
not involve the participation of hydrogens on the glyc-
erol backbone, and the mechanisms for the acid loss are
not charge-remote processes as previously suggested by
Murphy et al. [2, 3] and Huang et al. [4]. The new
mechanisms for the ion formation and the rationale for
the preferential formation of the carboxylate anion
observed in the CAD tandem spectra of GPA are
presented.
Experimental
Mass Spectrometry
ESI/MS analyses were performed on a Finnigan TSQ-
7000 triple stage quadrupole mass spectrometer
equipped with an electrospray ion source and con-
trolled by Finnigan ICIS software operated on a DEC
alpha station. Solution of standard GPA was dissolved
in chloroform/methanol (1/4) at final concentration of
2 pmol/uL, which yields intense deprotonated molec-
ular anions by negative ion ESI. Samples were infused
(1 uL/min) into ESI source with a Harvard syringe
pump. The electrospray needle and the skimmer were
at ground potential and the electrospray chamber and
the entrance of the glass capillary at 4.5 kV. The heated
capillary temperature was 250 °C. The molecular anions
were selected in the first quadrupole and collided with
Ar (2.3 mtorr) in the rf-only second quadrupole using a
collision energy of 25–35 eV. For the source CAD
tandem mass spectrometry experiment, the skimmer
voltage was set at 30 V to generate abundant fragment
ions, which were then selected in the first quadrupole
and collided with Ar (2.3 mtorr) in the second quadru-
pole using a collision energy of 25–30 eV.
Materials
Deuterated methanol (CH3OD) was purchased from
Sigma Chemical Co. (St. Louis, MO). All GPA standards
were purchased from either Sigma Chemical Co. or
Avanti Polar Lipids (Alasbaster, AL). Solvents and all
other chemicals were purchased from Fisher Chemical
Co. (Pittsburgh, PA) and were used without further
purification.
Results and Discussion
In negative ion mode, product ion spectra of the de-
protonated anion ([M–H]2) of GPA yield three major
series ions that represent neutral loss of free fatty acid:
([M–H–RxCO2H]
2), neutral loss of ketene ([M–H–
R9xCH¢C¢O]
2), and fatty carboxylate anion ([RxCO2]
2),
where x 5 1, 2; Rx¢R9xCH2. Since the intensities of the
above fragment ions are dependent on the position of
the fatty acyl groups in glycerol backbone, tandem mass
spectrometry for structural determination has been pre-
viously described [2–5].
The Fragmentation Pathways Leading to the
Formation of [M–H–RxCOOH]
2 and
[M–H–R9xCH¢C¢O]
2 (x 5 1 or 2) ions
As shown in Figure 1A, the tandem spectrum of the m/z
673 ion for 1-hexadecanoyl-2-oleoyl sn-glycero-3-phos-
phosphatidic acid (16:0/18:1-GPA) contains ions at m/z
417 ([M–H–R1COOH]
2) and 391 ([M–H–R2COOH]
2),
respectively, corresponding to the neutral loss of the
fatty acid moiety at sn-1 and at sn-2. The intensity of the
latter ion is two times more abundant than the former.
The spectrum also contains ions at m/z 435 ([M–H–
R91CH¢C¢O]
2) and 409 ([M–H–R92CH¢C¢O]
2) repre-
Scheme 1
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senting neutral loss of fatty acyl moiety as a ketene at
sn-1 and at sn-2, respectively. Again, the intensity of the
m/z 409 ion is two times more abundant than the m/z 435
ion. These results suggest that loss of the free fatty acid
and loss of the fatty acyl ketene at sn-2 is more favorable
than the analogous loss at sn-1, consistent with the
results reported for glycerophosphoethanolamine
(GPE), in which pathways leading to those losses at sn-2
are sterically more favorable [11]. However, the abun-
dances of the following fragment ions are: m/z 391
([M–H–R2COOH]
2) . m/z 409 ([M–H–R92CH¢C¢O]
2)
and m/z 417 ([M–H–R1COOH]
2) . m/z 435 ([M–H–
R91CH¢C¢O]
2), suggesting that neutral loss of the acid is
a more facile process than the corresponding ketene
loss, a reversal of the results that were observed for
GPE. This is further confirmed by the CAD tandem
spectrum of the m/z 723 ion arising from 18:0/20:4-GPA
(Figure 1B) and 18:0/18:1-GPA (data not shown). There-
fore, pathways leading to the formation of [M–H–
R1COOH]
2 and [M–H–R2COOH]
2 ions for GPA may
be different from that of GPE, which undergoes charge-
remote fragmentation to yield the ions [11]. The most
likely pathway for the fragmentation may involve the
participation of the phosphatic hydrogen and the fatty
carboxylate anion that results in an acid loss and form a
cyclophosphate anion (Scheme 2A, a). This is evidenced
by the observation of the corresponding ions at m/z 391
and 417, reflecting neutral loss of the RxCO2D from the
m/z 674 ion originating from hydrogen–deuterium ex-
changed 16:0/18:1-GPA, in which the phosphatic hy-
drogen has been replaced by a deuterium (Figure 1C).
Studies with perdeuterated d31-16:0/d31-16:0-GPA also
resulted in a C15D31COOH loss, excluding the involve-
ment of the hydrogens of the fatty acids in the elimina-
tion (data not shown). As reported earlier, the forma-
tion of carboxylate anions along with the [M–H–
R9xCH¢C¢O]
2 ions is initiated by the nucleophilic attack
of the phosphate anionic charge site. Loss of free fatty
acid and loss of ketene are two competitive processes
that are governed by the gas-phase basicity of the
Figure 1. The low energy (collision energy 30 eV) CAD tandem mass spectra of (A) 16:0/18:1-GPA,
(B) 18:0/20:4-GPA, and (C) H–D exchanged-16:0/18:1-GPA. (D) The tandem spectrum of 16:0/18:1-
GPA, obtained at 25 eV, and (E) The ESI mass spectrum of 16:0/18:1-GPA.
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precursor ion. When loss of free fatty acid becomes a
major fragmentation pathway for acidic precursor ions
such as GPA, the pathways leading to the ketene loss
along with formation of carboxylate anions declined.
This may also account for the observation of the
R1CO2
2 . R2CO2
2 ion. The rationale is discussed
further below.
The Fragmentation Pathways Leading to the
Formation of the Carboxylate Anions
The CAD tandem mass spectrum of the m/z 673 ion of
16:0/18:1-GPA (Figure 1A) gives ions at m/z 255
([R1CO2]
2) and 281 ([R2CO2]
2), corresponding to car-
boxylate anions arising from sn-1 and sn-2, respectively.
Scheme 2
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However, the intensity of the former ion is more abun-
dant than the latter, a reversal of the ion abundance as
observed for GPE. Therefore, the abundance of
[R1CO2]
2 . [R2CO2]
2 ions observed for GPA may have
been achieved by a pathway different from that
achieved by GPE, which yields [R2CO2]
2 . [R1CO2]
2
by a charge-driven process [11]. This is evidenced by
the observation of the abundance of m/z 391 ([M–H–
R2COOH]
2) . 255 ([R1CO2]
2) and m/z 417 ([M–H–
R1COOH]
2) $ 281 ([R2CO2]
2) in the tandem spectrum
of 16:0/18:1-GPA obtained by a collision energy of 25
eV (Figure 1D), and of 0 V collision energy as shown in
Figure 1E, illustrating the ESI spectrum of 16:0/18:1-
GPA. It appears that the abundance of the carboxylate
anions increases and the abundance of [M–H–
RxCOOH]
2 ion decreases as the collision increases. It is
interesting to note that the intensity of the m/z 281
([R2CO2]
2) ion is more abundant than the m/z 255
([R1CO2]
2) in Figure 1E, in accord with the abundance
of the m/z 409 ([M–H–R92CH¢C¢O]
2 . m/z 435 ([M–H–
R91CH¢C¢O]
2) and the m/z 391 ([M–H–R2COOH]
2) .
m/z 417 ([M–H–R1COOH]
2) ions. This is consistent with
the results reported for GPE, in which pathways lead-
ing to the formation of the carboxylate anion and of the
ions corresponding to a ketene loss are sterically more
favorable at the sn-2 position under CAD [11]. There-
fore, the observation of the abundance of R1CO2
2 .
R2CO2
2 for GPA is attributed to the fact that the [M–H–
R9xCH¢C¢O]
2 and the [M–H–RxCOOH]
2 ions may un-
dergo further fragmentation under the applied collision
energy after they were formed. This mechanism is
further confirmed by the source CAD tandem spectrum
of the [M–H–RxCOOH]
2 and [M–H–R9xCH¢C¢O]
2 (x 5
1, and 2) ions as discussed further below.
The Fragmentation Pathways Revealed by Source
CAD Tandem Mass Spectrometry (CAD-MS2)
To confirm the genesis of the fragmentation, precursor
ions generated by skimmer CAD were selected by the
first quadrupole, collided with Ar at the second quad-
rupole, and analyzed by the third quadrupole. The
CAD-MS2 spectrum of the m/z 417 ion (Figure 2A)
which represents the [M–H–R1COOH]
2 ion arising
from 16:0/18:1-GPA (Figure 1D), yields a prominent ion
at m/z 281, representing a R2CO2
2 ion (Scheme 2B, route
c92a), and an ion at m/z 153, corresponding to neutral loss
of the sn-2 fatty acyl as a ketene (Scheme 2B, route b92a).
The CAD-MS2 spectrum of the m/z 391 (Figure 2B),
representing an [M–H–R2COOH]
2 ion also yields a
prominent ion at m/z 255 (Scheme 2A, route c91a) and a
weak ion at m/z 153, corresponding to the analogous
ions arising from sn-1 (Scheme 2A, route b91a), respec-
tively. The m/z 135 ion ([M–H–R2COOH–R1COOH]
2),
which arises from a further loss of the remaining fatty
acid, is in very small abundance in both spectra. As
described earlier, neutral loss of ketene and formation
of carboxylate anion are the two predominate fragmen-
tation pathways for basic gaseous precursor ions under
low energy CAD. The prominent carboxylate anions at
m/z 281 and 255 along with the m/z 153 ion arising from
a ketene loss observed in both the source CAD-MS2
spectra of the [M–H–RxCOOH]
2 precursors are consis-
tent with the low abundance of the m/z 135 observed
(Figure 2A, B). Therefore, the [M–H–RxCOOH]
2 is most
likely a basic precursor ion, following a fatty acid loss
by source CAD from the [M–H]2 precursor. This is also
consistent with the notion that the [M–H–R9xCH¢C¢O]
2
remains as an acidic ion (or becomes more acidic),
which would undergo a favorable neutral loss of fatty
acid, after a ketene has been removed from [M–H]2.
Indeed, both the source CAD tandem spectra of m/z 435
(Figure 2C) and m/z 409 (Figure 2D), representing a
[M–H–R91CH¢C¢O]
2 and a [M–H–R92CH¢C¢O]
2 ion,
respectively, yield a prominent fragment ion at m/z 153
by loss of the fatty acid at sn-2 and sn-1, respectively
(Scheme 2C, route a91b); while the ion at m/z 171 arising
from a ketene loss (Scheme 2C, route b91b), and ions at
m/z 281 (Figure 2C) and at m/z 255 (Figure 2D) formed
by neutral loss of 154 (Scheme 2C, route c91b) are in small
abundance, attributed to the fact that the fragmentation
pathways leading to the formation of these ions are less
favorable for [M–H–R9xCH¢C¢O]
2, which is acidic.
Therefore, the abundance of R1CO2
2 . R2CO2
2 observed
for GPA is attributed to the initial sterically more
favorable formation of [M–H–R2COOH]
2 . [M–H–
R1COOH]
2 gaseous ions from the acidic [M–H]2 ions.
The [M–H–RxCOOH]
2 ions become less acidic (or ba-
sic) due to an acid loss. This is followed by a charge-
driven fragmentation process, which renders a charge
transfer by the nucleophilic attack of the phosphate
anion on either the C-1 (Scheme 2A, route c91a) or C-2
(Scheme 2B, route c92a) site of the glycerol to form a
carboxylate anion via loss of 136. This mechanism is
further confirmed by the source CAD spectrum ob-
tained by constant neutral loss scanning of 136 (Figure
2E), which shows an abundance of m/z 391 ([M–H–
R2COOH]
2) . m/z 417 ([M–H–R1COOH]
2), in concert
with the abundance of m/z 255 . m/z 281. Since an
identical neutral molecule of 136 (structure in specula-
tion, as shown in Schemes 2A, 2B) has been lost in the
fragmentation, the formation of m/z 255 and 281 ions by
such a neutral loss may not have been influenced by the
steric effect.
In conclusion, fragmentations of GPA under low
energy CAD are charge-driven processes, that are initi-
ated by the phosphatic anionic charge site. Pathways
leading to the neutral loss of ketene and to the forma-
tion of carboxylate anion compete with the process
leading to the acid loss, which is determined by the
gas-phase basicity and the steric configuration of the
precursor anion. Although the nucleophilic attack of the
anionic charge site on the a-hydrogens of the fatty acid
constituents to form a deprotonated lysophosphopha-
tidic anion of [M–H–RxCH¢C¢O]
2) by loss of ketene is
the major fragmentation pathway, a charge-remote
fragmentation involving H-rearrangement of the a-hy-
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drogen of the fatty acid can be a possible fragmentation
pathway (Scheme 2C, pathway b2). It is interesting to
note that the intensity of the m/z 409 ion (Figure 1,
panels A, D, E) representing neutral loss of ketene at
sn-2 increases as the collision energy increases (relative
to the intensity of m/z 391). The correlation of the
fragmentation mechanism and the collision energy is
currently under investigation.
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